Accumulation of unfolded proteins in the endoplasmic reticulum (ER) of eukaryotic cells triggers the transcriptional induction of ER-resident molecular chaperones to maintain cellular homeostasis, termed the ER stress response. Previously we isolated AtbZIP60, a membrane-bound transcription factor involved in the Arabidopsis ER stress response whose activity is controlled by proteolytic cleavage. In this study we characterized the active form of AtbZIP60 localized in the nucleus during the ER stress response. Transient assay using Arabidopsis protoplasts revealed that activation of BiP promoters by AtbZIP60 is dependent on the cis-elements plant-unfolded protein response element (P-UPRE) and ER stress response element (ERSE). Transcriptional activation activity of AtbZIP60 was mainly located in the region for amino acids 41-80 of AtbZIP60. Size exclusion chromatography analysis showed that the nuclear form of AtbZIP60 exists as a protein complex of approximately 260 kDa. On the basis of the present study combined with observations described in the literature, possible mechanisms of AtbZIP60's action in the nucleus are discussed.
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Proteins synthesized on the rough endoplasmic reticulum (ER) of eukaryotic cells need to be correctly folded and assembled in the ER. If the maturation of proteins is disturbed, cells respond in various ways to correct the situation. These responses are called the ER stress response or the unfolded protein response (UPR). 1, 2) Recently, in mammals, the importance of the ER stress response has been recognized in a wide variety of cellular processes. In plants, the importance of the ER stress response has been implicated in the development and function of pollen and tapetal cells, 3) as well as other plant-specific cellular processes, such as the pathogen response and seed development. 4, 5) The most representative response caused by ER stress is the transcriptional induction of the ER chaperones that help correct folding of proteins. BiP is an ER cognate of HSP70 transcriptionally induced in response to ER stress, and many studies have been conducted to clarify the signaling mechanism of BiP induction in the ER stress response caused by tunicamycin, a potent inhibitor of protein N-glycosylation. In yeast, HAC1 is the transcription factor activating BiP expression. Interestingly, unconventional splicing of Hac1 mRNA catalyzed by the ER-localized sensor protein IRE1 regulates the activation of Hac1. 6, 7) A similar but more complex system has been observed in mammalian cells. IRE1-mediated unconventional splicing regulates the activity of the transcription factor XBP1, similarly to yeast Hac1. 8, 9) In addition, ATF6, a membrane-bound transcription factor, plays a critical role in the induction of BiP and other ER chaperone genes.
10) Activation of ATF6 is regulated by proteolysis occurring in the Golgi apparatus after translocation of ATF6 to the Golgi. 11) This proteolytic processing liberates the cytoplasmic fragment of ATF6 containing a bZIP domain to translocate into the nucleus, where it acts as a transcription factor. Three cis-elements necessary and sufficient for the ER stress response have been reported in mammalian cells: the UPR element (UPRE; consensus sequence TGACGT-GR), the ER stress response element (ERSE; consensus sequence CCAAT-N9-CCACG), and the ERSE-II (consensus sequence ATTGG-N-CCACG). 8, [12] [13] [14] Although observation of the plant ER stress response itself has been documented [15] [16] [17] the molecular mechanism has not yet been fully clarified. Analysis of the Arabidopsis BiP promoters identified the cis-elements plant-UPR element (P-UPRE) and ERSE. 18, 19) The consensus sequence of P-UPRE (ATTGGTCCACGT-CATC) consists of ERSE-II and UPRE, indicating conservation of cis-elements between plants and mammals. By screening all putative bZIP genes of Arabidopsis, we identified transcription factor AtbZIP60. 20) AtbZIP60 resides in the ER membrane with its transmembrane domain under unstressed conditions and is activated by proteolysis in response to ER stress, allowing the N-terminal fragment containing a bZIP domain to translocate into the nucleus where it acts in the induction of ER stress-responsive genes, including BiP genes.
3) However, the transcriptionally active, nuclear-localized form of AtbZIP60 remains to be well characterized. The importance of P-UPRE and ERSE to BiP promoters in activation by AtbZIP60 has not been investigated either. The present study was performed to characterize the nuclear form of AtbZIP60 as a transcriptional activator in more detail.
Materials and Methods
Arabidopsis thaliana (Col-0) seedlings were grown in one-half strength Murashige and Skoog (MS) medium supplemented with 2% (w/v) sucrose under a 16 h light, 8 h dark cycle at 23 C with gentle shaking. The Arabidopsis suspension cell line MM2d was derived from the Landsberg erecta ecotype 21) and cultured in MS medium supplemented with 3% (w/v) sucrose, 200 mg/l KH 2 PO 4 , 1 mg/l thiamine hydrochloride, 100 mg/l myoinositol and 0.2 mg/l 2,4-dichlorophenoxyacetic acid at 25 C. A proportion of the cells were transferred to new medium per week.
Total RNA was extracted using the aurintricarboxylic acid method 22 ) from 10-d-old seedlings treated with tunicamycin (5 mg/ml) for 5 h. Five mg of RNA per lane was fractionated on a 1.2% agarose gel containing 2% formaldehyde, capillary-blotted onto a nylon membrane (Hybond N, Amersham Biosciences, Piscataway, NJ) in 20 Â SSC, and fixed by UV irradiation. Approximately 200 bp fragments of 5 0 regions of BiP1 and BiP3 cDNA, including 5 0 -UTR, were used as probes, as previously described.
3) The BiP1 fragment also recognizes BiP2, since the homology between BiP1 and BiP2 is very high. The membrane was washed with 0.2 Â SSC, 0.1% SDS at 55 C 3 times, and then exposed to X-ray film.
Construction of plasmids BiP1pro-Luc, BiP1mpro-Luc BiP3pro-Luc, pBI221-Luc, and 35S-AtbZIP60ÁC was described previously. 20, 23) To obtain the BiP3-m1 and -m2 promoters, 2-step PCR was performed using primers BiP3pro-F (5 0 -CTCGAGCAAACATA-GCACCGAACGACTTACTAC-3 0 ) and BiP3pro-m1-1 (5 0 -GATCT-CACTTCTTGAACATTAAGCTTAATG-3 0 ), and BiP3pro-m1-2 (5 0 -ATGTTCAAGAAGTGAGATCAGAGGACACTC-3 0 ) and BiP3pro-R (5 0 -CGCATGGATCCAATCATTTTTCGTTGTTGAGAACTCTTC-TTCG-3 0 ) for the BiP3-m1 promoter, and BiP3pro-F and BiP3pro-m2-1 (5 0 -GATCTCACAAGCAGAACATTGACATTAAAT-3 0 ), and BiP3pro-m2-2 (5 0 -ATGTTCTGCTTGTGAGATCGTACTTTACGT-3 0 ) and BiP3pro-R for the BiP3-m2 promoter. Additional 2-step PCR was performed using the BiP3-m1 promoter as a template and primers BiP3pro-F and BiP3pro-m2-1, and BiP3pro-m2-2 and BiP3pro-R to obtain the BiP3-m3 promoter. These were substituted for the CaMV 35S promoter of pBI221-Luc. For transactivation assay, plasmids yy64 and yy96 were used as effector and reporter, respectively. 24) Each cDNA fragment of AtbZIP60 was amplified by PCR using following primers:
0 ) and AtbZIP60-216R for AtbZIP60(111-216), AtbZIP60-1F and AtbZIP60-40R (5 0 -GTCGACTCAATCCGGTGAAGACTGAAGAAAATC-3 0 ) for AtbZIP60(1-40), AtbZIP60-1F and AtbZIP60-80R (5 0 -GTCGACT-CAATAATCAACGAGTAGATCCGCTAT-3 0 ) for AtbZIP60(1-80), AtbZIP60-41F (5 0 -GGATCCTCATGGATCGGAGAAATCGAGAAT-3 0 ) and AtbZIP60-80R for AtbZIP60(41-80), and AtbZIP60-41F and AtbZIP60-110R for AtbZIP60(41-110). The PCR products were fused to the C-terminus of GAL4BS by insertion into the BamHI-SalI site of the multi-cloning site in yy64, and then used as effector plasmids. Protoplasts were isolated from Arabidopsis suspension cells 4-6 d after subculture and transiently transformed using polyethylene glycol. 25) Transformed protoplasts were incubated at 23 C for 16 h in the dark, and luciferase activities were measured using the DualLuciferase Reporter Assay System (Promega, Madison, WI) according to the manufacturer's instructions. Firefly luciferase activity was normalized to Renilla luciferase activity.
For size exclusion chromatography, Arabidopsis suspension cells treated with 5 mg/ml tunicamycin were homogenized with mortar and pestle using an extraction buffer (50 mM Tris-HCl, pH7.5, 150 mM NaCl, 5 mM EDTA, 5 mM 2-mercaptoethanol, 10% glycerol, and Complete mini (Roche Diagnostics, Mannheim, Germany)), and were centrifuged at 100;000 g for 1 h. The resulting supernatant was loaded to a Superdex 200 (GE Healthcare Life Sciences, Munich, Germany) pre-equilibrated with the extraction buffer. Each fraction was collected and concentrated using ice-cold acetone. A stand curve for molecular mass was generated with ferritin (440 kDa), catalase (232 kDa), albumin (62.9 kDa), and chymotrypsinogen A (20.3 kDa).
Protein solutions were loaded on a 12% SDS-PAGE gel (Mini Electrophoresis System; Bio-Rad, Hercules, CA). After electrophoresis, the proteins were transferred to a polyvinylidene difluoride membrane, and immunoreactive proteins were detected with Immobilon Western Chemiluminescent HRP Substrate (Millipore, Bedford, MA) according to the manufacturer's instructions. The antibodies used were anti-AtbZIP60
3) and horseradish peroxidase-conjugated anti-rabbit IgG (Bio-Rad, Hercules, CA).
Results
Three BiP genes have been reported in Arabidopsis (BiP1-3). 18) As shown in Fig. 1A , BiP1 and BiP2 proteins were 98% identical, while the BiP3 protein showed 78% identity to both BiP1 and BiP2. The BiP1 and BiP2 promoters also shared similarity in structure, with the presence of P-UPRE, whereas the BiP3 promoter contained two copies of ERSE (Fig. 1B) . Reflecting these observations, expression profile was also different among the BiP genes. That is, basal expression level of BiP3 was quite low, while BiP1 and BiP2 genes were transcribed under unstressed conditions; transcripts of all three BiP genes were induced by tunicamycin treatment (Fig. 1C) .
In transient assay using luciferase as a reporter, we have found that promoters of BiP1 and BiP3 and hexamers of ERSE and P-UPRE respond to tunicamycin treatment and co-expression of AtbZIP60ÁC, a truncated form of AtbZIP60 deleted after the transmembrane domain that resembles the nuclear form of AtbZIP60 generated in response to ER stress. 20) In order to examine the importance of P-UPRE and ERSE in activation of the BiP promoter, mutations were introduced into these cis-elements. Figure 2A indicates the mutations introduced into P-UPRE of the BiP1 promoter and ERSEs of the BiP3 promoter. As shown in Fig. 2B , treatment with tunicamycin enhanced the wild-type BiP1 and BiP3 promoters. Disruption of one of two ERSE elements in the BiP3 promoter (BiP3pro-m1 and -m2) also responded to tunicamycin treatment. In contrast, when a mutation was introduced into P-UPRE in the BiP1 promoter (BiP1pro-m) and both ERSEs in the BiP3 promoter (BiP3pro-m3), induction was significantly muted. Compared with BiP3pro-m3 which showed no induction, BiP1pro-m was still slightly responsive to tunicamycin treatment. This indicates that P-UPRE and ERSE contribute to activation of BiP promoters due to tunicamycin treatment.
Subsequently, the effect of a mutation in cis-elements on transcriptional activation by co-expression of AtbZIP60ÁC was examined. As shown in Fig. 2C , co-expression of AtbZIP60ÁC activated the wild-type BiP1 promoter. This induction was significantly reduced by the introduction of a mutation into P-UPRE in the BiP1 promoter. In the case of BiP3, the wild-type, m1, and m2 promoters were activated by AtbZIP60ÁC co-expression, and the m3 promoter completely abolished activation. The slight induction of the mutated BiP1 promoter by co-expression of AtbZIP60ÁC might have been due to incomplete disruption of P-UPRE, because some nucleotide sequences (TCCACG) in P-UPRE were not mutated in the mutated BiP1 promoter.
A further experiment was conducted to determine the region necessary for transcriptional activation in AtbZIP60. In this experiment, a reporter plasmid with the luciferase gene driven by a synthetic promoter with the GAL4 binding site (GAL4BS) and an effector plasmid for a fusion protein with the GAL4 DNA binding domain (GAL4BD) were co-introduced into protoplasts prepared from Arabidopsis suspension cells.
As shown in Fig. 3 , the fusion of AtbZIP60ÁC (amino acids 1-216) to the C-terminus of GAL4BD showed considerable luciferase activity compared with the vector control. When AtbZIP60ÁC was divided into two parts, the N-terminal half (amino acids 1-110) showed activity, while the C-terminal half containing the bZIP domain (amino acids 111-216) did not. Subsequent dissection analysis of the N-terminal half showed that the region corresponding to amino acids 1-80 had conspicuous transcriptional activation ability. In this region, amino acids 41-80 showed more pronounced activity than amino acids 1-40 did.
In order to determine whether AtbZIP60 forms a protein complex, soluble protein extracts from tunicamycin-treated Arabidopsis suspension cells were subjected to size exclusion chromatography. The fractions were resolved by SDS-PAGE, followed by immunoblotting with anti-AtbZIP60 antibody. As shown in Fig. 4 , the nuclear form of AtbZIP60 was found in a peak at fraction 9 whose apparent molecular mass was estimated to be about 260 kDa.
Discussion
Here we characterized the nuclear form of AtbZIP60 functioning during the Arabidopsis ER stress response. First, activation of BiP promoters by AtbZIP60ÁC was shown to depend on P-UPRE and ERSE. Second, amino acids 41-80 of AtbZIP60 exhibited transactivation activity. Third, the nuclear form of AtbZIP60 was demonstrated to form a protein complex of about 260 kDa during the ER stress response.
A dual luciferase reporter assay with wild-type and mutated BiP promoters showed that activation of BiP promoters by AtbZIP60ÁC depended on P-UPRE in the BiP1 promoter and on ERSE in the BiP3 promoter. Whether AtbZIP60 directly binds to these cis-elements is unknown. In fact, recombinant AtbZIP60ÁC produced in E. coli did not interact with P-UPRE and ERSE in an electromobility shift assay (data not shown). However, a similar observation has been reported in interaction between the cis-elements and ATF6 in animals, where ATF6 alone is not sufficient to recognize the cis-elements. [26] [27] [28] In recognizing cis-elements, direct binding of ATF6 to ERSE or ERSE-II has been reported to require the NF-Y transcription factor complex, which consists of NF-YA, NF-YB, and NF-YC. That is, the NF-Y complex occupies CCAAT of ERSE or ATTGG (complementary to CCAAT) of ERSE-II under unstressed conditions, and ATF6 activated in response to ER stress binds CCACG, the other part of ERSE or ERSE-II, via direct interaction with NF-YC of the NF-Y complex, resulting in activation of downstream genes. [26] [27] [28] In view of the mechanism by which ATF6 recognizes ERSE with the NF-Y complex, it is conceivable that AtbZIP60 binds to P-UPRE and ERSE with Arabidopsis homologs of the NF-Y complex. Nevertheless, we cannot exclude the possibility that AtbZIP60 activates the transcription of another, yet unidentified, transcription factor, which in turn binds to these cis-elements.
The experiments shown in Fig. 3 indicate that the N-terminal region of AtbZIP60 (amino acids 1-80) is responsible for transactivation activity. Thus, the A, A phylogenetic tree of BiP proteins from yeast (Saccharomyces cerevisiae), human, and several plant species. Alignment was performed with ClustalW (www.ebi.ac.uk/clustalw/). The scale bar represents a distance of 0.1 amino acid substitutions per site. The accession numbers of the amino acid sequences used are as follows: AtBiP1 (At5g28540), AtBiP2 (At5g42020), AtBiP3 (At1g09080), OsBiP (rice, AAB63469), GmBiP (soybean, AAA81956), NtBiP (tobacco, CAA42659), ZmBiP (maize, AAC49899), Kar2 (yeast, NP 012500), GRP78 (human, NP 005338). B, Schematic representation of Arabidopsis three BiP promoters. The shaded and black boxes indicate transcribed regions and ATG start codons, respectively. The locations of P-UPRE and ERSE are also indicated. The nucleotide sequences of these cis-elements are shown in Fig. 2A . C, RNA blot analysis of Arabidopsis BiP genes. RNA was extracted from Arabidopsis seedlings treated with 5 mg/ml tunicamycin (+) or 0.1% DMSO (À; as a solvent control) for 5 h. Probes for BiP1 and BiP2 are considered to cross-hybridize due to high homology. rRNA was visualized with ethidium bromide staining as the loading control.
AtbZIP60 protein can be dissected into at least four functional domains. The first domain is the transactivation domain identified in this study. This domain does not show considerable homology with any other proteins, except for weak homology with AtbZIP60 homologs in other plant species.
3) In this domain, the region corresponding to amino acids 41-80, which shows considerable homology among corresponding regions of AtbZIP60 homologs, perhaps has pronounced transactivation activity. The second domain is the bZIP domain, which is generally thought to function in binding DNA forming a homo-or hetero-dimer. This domain may play roles in interacting with other bZIP transcrioption factors, as discussed below. The third is the transmembrane domain necessary to anchore this protein in the ER membrane. ER stress-dependent proteolysis is supposed to occur within or near this domain. The fourth is the C-terminal domain considered to face the ER lumen. Although the function of this domain has not been determined, this domain may sense ER stress by an unknown mechanism. Clarification of the function of this domain would be a challenging research subject. In addition to these four domains, there may be additional domains forming a large protein complex as mentioned below.
We found that the nuclear form of AtbZIP60 forms a protein complex of 260 kDa. The components of the AtbZIP60 complex are currently unknown. It is conceivable that AtbZIP60 forms a homo-dimer, since bZIP proteins are generally considered to form homo-and/or hetero-dimers 29, 30) It is also conceivable that AtbZIP60 forms a hetero-dimer with AtbZIP28, another Arabidopsis transcription factor recently reported to be involved in the induction of BiP genes during the ER stress response. 23, 31) However, the apparent molecular mass of the AtbZIP60 complex observed here (260 kDa) is much larger than the sum of two molecules of AtbZIP60 (50 kDa) or each one molecule of AtbZIP60 and AtbZIP28 (60 kDa). Based on analogy with the mode of action of mammalian ATF6 recognizing ciselements, it is likely that AtbZIP60 forms a transcriptionally active complex with the Arabidopsis homologs of the NF-Y complex (<100 kDa). Isolation and characterization of proteins interacting with the nuclear form of AtbZIP60 is an interesting research topic for future studies.
